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Summary
A central question in developmental biology concerns the
mechanism of generation and maintenance of cell polarity,
because these processes are essential for many cellular
functions and multicellular development [1]. In plants, cell
polarity has an additional role in mediating directional trans-
port of the plant hormone auxin that is crucial for multiple
developmental processes [2–4]. In addition, plant cells
have a complex extracellular matrix, the cell wall [5, 6],
whose role in regulating cellular processes, including cell
polarity, is unexplored.Wehave found that polar distribution
of PIN auxin transporters [7] in plant cells is maintained by
connections between polar domains at the plasma
membrane and the cell wall. Genetic and pharmacological
interference with cellulose, the major component of the
cell wall, or mechanical interference with the cell wall
disrupts these connections and leads to increased lateral
diffusion and loss of polar distribution of PIN transporters
for the phytohormone auxin. Our results reveal a plant-
specific mechanism for cell polarity maintenance and
provide a conceptual framework for modulating cell polarity
and plant development via endogenous and environmental
manipulations of the cellulose-based extracellular matrix.
Results and Discussions
Forward Genetic Screen for PIN Polarity Regulators
Cell polarization is an essential feature for many cell
processes, and the establishment and maintenance of cell
polarity require intracellular vesicle trafficking, cytoskeleton
modification, and signaling events. The regulation of cell
polarity in plant and animal cells is fundamentally different
[8, 9]: (1) plants appear to have higher complexity of polar traf-
ficking pathways [10], (2) their cells generally lack the tight
junctions that separate the polar domains in animal epithelial
cells [11], and, very importantly, (3) plant cells have a cell
wall, a crucial cellular component that provides structural
integrity to plant tissues and regulates cellular growth and
form [12, 13].*Correspondence: jiri.friml@psb.vib-ugent.beTo identify components of the mechanism for cell polarity
establishment and maintenance in plants, we used as polarity
markers PIN transporters for the plant hormone auxin [7]. Polar
distribution of PIN proteins at the plasma membrane deter-
mines directionality of auxin flow [14] and thus contributes to
regulation of multiple aspects of plant development [4]. Apical
(upper, shootward cell side) polar localization of PIN2 in root
epidermal cells is required for asymmetric auxin translocation
following gravistimulation and thus for gravitropic root growth
[15, 16]. In contrast, the transgenic PIN2::PIN1-HA into pin2
mutant background has apically localized PIN2 replaced by
the basally (lower, rootward side) localized PIN1 protein (which
normally localizes at the basal side of stele cells), and, as
a consequence, this line does not rescue the agravitropic
root growth of pin2 mutant [14]. We designed a screen for
regulators of PIN polarity with a rationale that, in lines in which
the basal PIN1 localization is defective, a presence of PIN1 at
the upper side will at least partially replace the endogenous
function of PIN2 and could, to some extent, restore the gravi-
tropic root growth (Figure 1A). This rationale is supported by
previous observations that weaker polarity mutants often
show defects preferentially in the basal targeting, leading to
ectopic apical localization of basal cargos [17]. This strategy
enabled us to screen for polarity mutants macroscopically,
based on gravitropic root growth, and also to detect weaker
polarity mutants, because the polarity of PIN1-HA is more
sensitive to perturbations than is the polarity of endogenous
PIN proteins [17]. The strategy can also circumvent the ex-
pected risk of embryo or seedling lethality of stronger polarity
mutants. Hence, we screened for M2 EMS-mutagenized
PIN2::PIN1-HA;pin2 seedlings that positively responded to
two successive gravistimulation stimuli, and these candidates
were tested in the M3 generation by immunolocalizations for
changes in the polarity of PIN1-HA localization. From 2600
M1 families, we identified four regulator of PIN polarity (repp)
Arabidopsis mutants that showed positive gravitropic
response and changed localization of PIN1-HA in epidermal
cells. As expected, the reppmutants do not show pronounced
defects in polarity of endogenous PIN proteins and thus can
generate all basic cell types correctly (data not shown). Here
we present novel insights into the regulation of PIN polarity
by analysis of the repp3 mutant (PIN2::PIN1-HA;pin2
background).
repp3 Is a PIN Polarity Mutant
In contrast to predominantly basal and nonpolar PIN1-HA
localization in PIN2::PIN1-HA;pin2 epidermal cells, roots of
repp3 had defects in basal localization of PIN1-HA, as revealed
by anti-PIN1 and anti-HA immunolocalization experiments.
These included partial recovery of PIN2-like localization at
the apical side of epidermal cells (Figures 1B and 1C; see
also Figure S1A available online). Accordingly, repp3 roots
were able to generate an asymmetric distribution of auxin
response at the lower side of gravistimulated roots, as visual-
ized using the DR5rev::GFP auxin response reporter (Fig-
ure 1D; see also Figure S1B), and, despite a slightly wavy
root growth, showed positive gravitropic response (Figures
1E and 1F; see also Figures S1C and S1D). These results reveal
Figure 1. Identification of repp3 Mutant
(A) Design of forward genetic screen: PIN2 localizes to the apical (upper)
side of the wild-type epidermal cells while PIN1-HA is mislocalized at the
basal (lower) side of the agravitropic PIN2::PIN1-HA;pin2 line. We hypothe-
sized that mutations in putative regulators of PIN polarity (REPP) at least
partly restore the distribution of PIN1-HA at the apical side of epidermal
cells and, as a consequence, restore the gravitropic growth.
(B) Evaluation of PIN1-HA localization shows that 49% of repp3;PIN2::
PIN1-HA;pin2 epidermal cells display predominant PIN2-like localization
of PIN1-HA at the apical side, contrasting to PIN2::PIN1-HA;pin2, which
shows predominantly nonpolar and basal PIN1-HA localization (n = 334
PIN2::PIN1-HA;pin2 and n = 263 repp3;PIN2::PIN1-HA;pin2 epidermal cells).
Error bars represent standard error (SE).
(C) PIN1-HA localization in epidermal (ep) and cortex (co) cells, as shown by
immunolocalization of PIN1 (red).PIN2::PIN1-HA;pin2 shows predominantly
basal and nonpolar PIN1-HA localization (green arrowheads), whereas
repp3;PIN2::PIN1-HA;pin2 shows predominantly apical PIN1-HA in
epidermal cells (blue arrowheads).
(D) Unlike PIN2::PIN1-HA;pin2 and similarly to wild-type, repp3;PIN2::PIN1-
HA;pin2 displays auxin asymmetric distribution at the lower side of 10 hr
gravistimulated root tips. Scale bars represent 40 mm.
(E) Response of 16 hr gravistimulated seedlings (7 DAG). In contrast to agra-
vitropic PIN2::PIN1-HA;pin2, repp3;PIN2::PIN1-HA;pin2 shows positive
gravitropic response.
(F) Gravitropic index (6 DAG). repp3 mutation restores the gravitropic
growth to PIN2::PIN1-HA;pin2 (n = 50). Error bars represent SE. See also
Figure S1.
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339that the repp3mutation leads to defects in basal localization of
PIN1-HA. Furthermore, this finding indicates that partial resto-
ration of PIN action at the apical side of epidermal cells is suffi-
cient to rescue gravity-induced auxin redistribution and grav-
itropic response of the PIN2::PIN1-HA;pin2 line.
REPP3 Encodes CESA3
We mapped the repp3 mutant to an interval of 112 kb on the
lower arm of chromosome 5 by using 232 repp3 recombinants
derived from the F2 progenies of a cross between repp3
(Columbia background) and agravitropic1-1 (agr1-1), an agra-
vitropic Landsberg erectamutant allele defective in PIN2 [18].
Map-based cloning and sequencing revealed a proline578 toleucine578 amino acid substitution in the open reading frame
of the gene designated as cellulose synthase catalytic subunit
3/constitutive expression of VSP1/isoxaben resistant 1/
ectopic lignin 1 (CESA3/CEV1/IXR1/ELI1) [19–22] (Figure 2A).
CESA3 is one of the three isoforms necessary to obtain a func-
tional cellulose synthase complex (CSC) [23]. This large
complex located at the plasma membrane synthesizes the
beta 1,4 glucans that can associate to form the cellulose
microfibrils [23].
In line with previous analysis of different gain- and loss-of-
function cesa3 alleles [21–26], repp3 was resistant to the
cellulose synthesis inhibitor isoxaben (Figures S2A and S2B),
had ectopic lignification in its roots, as revealed by histo-
chemical analysis with phloroglucinol (Figure 2B), and had
diminished cellulose content in its cell wall, as revealed by
Fourier transform infrared spectroscopy (Figure 2C; see also
Figure S2C). Reduced cellulose content in the repp3 mutant
was accompanied by morphological phenotypes. repp3
seedlings had smaller roots, cotyledons, and dark-grown
hypocotyls, as compared to controls (Figures 2D and 2E).
Mutant roots were swollen and possessed more root hairs
that had abnormal phenotype (Figure 2B; see also Figure S2D).
Although repp3 was viable as a homozygote, when seedlings
were grown in vitro we observed phenotypic heterogeneity:
some seeds did not germinate, and, from the geminated seed-
lings, 5%–50% (depending on the age of the seeds) did not
elongate the root or expand cotyledons (data not shown).
Adult mutant plants were much smaller when compared with
controls. They displayed reduced shoot elongation, reduced
leaf area, abnormal branching, and phyllotaxis and floral organ
defects, including partial sterility (Figures S2E and S2F). These
phenotypes are consistent with a central role of cellulose
microfibrils to control growth anisotropy.
To confirm that the repp3 mutation in CESA3 is a cause of
the PIN polarity changes and restoration of the PIN2::PIN1-
HA;pin2 gravitropic root growth, we performed an allelic
test with an independent weak allele, cesa3je5 [23]. For this
purpose, we crossed cesa3je5;PIN2::PIN1-HA;pin2 and
repp3;PIN2::PIN1-HA;pin2 and analyzed F1 seedlings.
They showed partial restoration of gravitropic growth, more
apical PIN1-HA, and morphological phenotypes similar to
repp3;PIN2::PIN1-HA;pin2 or cesa3je5;PIN2::PIN1-HA;pin2
(Figure 2F; see also Figures S2G and S2H). Collectively, our
data demonstrate that repp3, a mutant defective in PIN
polarity, is aweak allele of theCESA3 gene, which shows cellu-
lose deficiency and has corresponding defects in cell wall
composition and plant growth and morphology.
Genetic or Chemical Interference with Cellulose
Results in PIN Polarity Defects
Next we decided to test in more detail the connection between
cellulose defects and PIN polarity changes. We investigated
whether the cesa3je5 allele can mimic the PIN polarity and
auxin distribution phenotypes of the repp3 mutant. When
crossed into the background PIN2::PIN1-HA;pin2, cesa3je5
led to defects in basal PIN1-HA localization in epidermal cells
(Figures 3A and 3B). Similar to repp3 mutant, partial restora-
tion of PIN1-HA at the apical side also restored to some extent
the gravitropic response and growth (Figures 3D and 3E; see
also Figures S3A and S3B).
The cellulose synthase complex contains catalytic subunits
such as CESA1, CESA3, and CESA6 [23]. To test whether
mutants defective in other subunits of the CSC have the
same effect on PIN polarity, we introduced cesa1rsw1-10 and
Figure 2. REPP3 Encodes CESA3
(A) Schematic drawing of the REPP3/CESA3 locus and profile. The approx-
imate positions of repp3 and cesa3je5 allele mutations are depicted in the
scheme.
(B) Lignin staining by phloroglucinol reveals ectopic lignifications in the
swollen roots of repp3;PIN2::PIN1-HA;pin2 (red staining).
(C) Evaluation of cell wall composition by Fourier transform infrared (FTIR)
spectroscopy. Similarly to cesa3je5 allele (wild-type background), the FTIR
absorption spectra reveals less cellulose content in repp3;PIN2::PIN1-HA;-
pin2 cell wall (peak around 1037–1061 cm21; arrowhead). Inset shows
magnification of the cellulose deficiency peak.
(D) repp3;PIN2::PIN1-HA;pin2 roots are about 2.8 times shorter than wild-
type roots (n = 39). Error bars represent SE.
(E) Dark-grown hypocotyls of repp3;PIN2::PIN1-HA;pin2 and cesa3je5 (wild-
type background) are about 3- to 4-fold shorter than controls (n = 210). Error
bars represent SE.
(F) anti-PIN1 (red) and anti-HA (green) immunolocalization in epidermal
cells. Preferential basal localization of PIN1-HA in PIN2::PIN1-HA;pin2
(green arrowhead) and apical PIN1-HA (blue arrowhead) in repp3;
PIN2::PIN1-HA;pin2 3 cesa3je5;PIN2::PIN1-HA;pin2, F1 cross. Scale bar
represent 5 mm. See also Figure S2.
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340cesa6prc1-1 into PIN2::PIN1-HA;pin2 background. Both
mutants displayed reduced basalization and partial apicaliza-
tion of PIN1-HA in the epidermal cells of PIN2::PIN1-HA;pin2
and largely restored the gravitropic growth (Figure 3C; see
also Figure S3C; data not shown). This finding demonstrates
that defects in different molecular components of cellulose
synthesis impair basal PIN1-HA localization.
Notably, chemical inhibition of cellulose biosynthesis with
inhibitors such as isoxaben and dichlobenil (DCB) also
induced repp3-like phenotypes in PIN2::PIN1-HA;pin2seedlings. PIN2::PIN1-HA;pin2 seedlings grown on 1.5 pM or
2 pM isoxaben, or 0.125 mM DCB, showed gravitropic root
growth and response (Figures 3D and 3E; see also Figures
S3A and S3B). In addition, seedlings treated with isoxaben
and DCB showed defects in basal localization of PIN1-HA,
with regular occurrence of PIN1-HA at the apical side (Figures
3A and 3B).
Thus, both genetic and pharmacological manipulation of the
synthesis of cellulose, the major component of the plant extra-
cellular matrix, resulted in PIN1-HA polarity defects, suggest-
ing a role for cellulose in regulating cell polarity.
Cell Wall Integrity Is Required for PIN Polarity
PIN polarity defects that occur as a consequence of cellulose
deficiency suggest a role for the cell wall in regulation of cell
polarity. Alternatively, defects in cellulose components of
cell wall might affect polarity of PIN localization as well
because of their more pleiotropic effects on, e.g., signaling
events and hormone homeostasis [20, 22, 25].
To address the role of the cell wall in PIN polarity, we
removed the cell wall from root cells by protoplasting. We
followed the localization of two fluorescent markers with
different polar localization in the epidermal cells: apical
PIN2-GFP in its endogenous domain in the PIN2::PIN2-GFP
line and predominantly basal PIN1-GFP-2 in the PIN2::PIN1-
GFP-2 line. From the onset of cell wall degradation by proto-
plasting, the localization of both proteins to their polar
domains was very rapidly lost, and they redistributed symmet-
rically around the cell (Figure 4A; see also Figure S4A). A similar
loss of basal polar PIN localization has been observed for
PIN1-GFP in its endogenous domain in PIN1::PIN1-GFP roots
(data not shown).This is reminiscent of the rapid loss of en-
riched PIN localization from the transverse membranes
following protoplasting of cultured cells [27]. These results
reveal that the cell wall is required for maintenance of apical
and basal polarity of ectopically expressed, as well as endog-
enous, PIN proteins. It suggests that interactions between the
cell wall and plasma membrane are crucial for maintenance of
the localized distribution of cargos that characterize polar
plasma membrane domains.
The strict requirement of the cell wall for apical and basal
PIN polarity maintenance in different cell types is in an
apparent contradiction with the specific effect of the cesa
mutations, which preferentially affect the basal PIN1-HA local-
ization in the epidermis cells. This finding could indicate that
cesa mutants, compared to total cell wall removal by proto-
plasting, might display more specific cell wall defects, which
could be preferentially required for basal PIN polarity. Alterna-
tively, and more likely, the ectopic basal PIN1-HA localization
might be hypersensitive to CESA-dependent manipulations,
as compared to more fixed polarity of the endogenously
expressed PIN proteins. This interpretation is in alignment
with previous findings showing that the basal polar domain
in general and the ectopic basal localization of PIN1-HA in
particular appear to be less stable than the apical polar domain
[17]. Accordingly, weaker polarity defects thus often affect the
basal domain in epidermis more and lead to apparent ‘‘apical-
ization’’ of basal cargos [17]. Hence, this susceptibility of the
PIN1-HA in epidermis cells was one of the rationales for the
design of the polarity screen. The identification of the CESA3
as a regulator of PIN polarity demonstrates that this screen
has a capacity to also identify weak polarity mutations that
would escape screens based on the observation of endoge-
nous PIN polarity.
Figure 3. Requirement of Cellulose Biosynthesis
for PIN Polarity and Gravitropic Growth
(A) anti-PIN1 (red) and anti-HA (green) immuno-
localization in epidermal (ep) and cortex (co)
cells. Preferential basal PIN1-HA (green arrow-
heads) in PIN2::PIN1-HA;pin2 and preferential
apical localization (blue arrowheads) in cesa3je5;
PIN2::PIN1-HA;pin2 and PIN2::PIN1-HA;pin2
germinated on 0.125 mM dichlobenil (DCB) or 2
pM isoxaben. Scale bars represent 10 mm.
(B and C) Evaluation of PIN1-HA localization
shows that genetic (cesa3je5, cesa1rsw1-10, and
cesa6prc1-1) or chemical (DCB, isoxaben) disrup-
tion of cellulose synthesis promotes apical
presence of PIN1-HA in the epidermal cells of
PIN2::PIN1-HA;pin2 (n > 64 cells [B]; n > 152 cells
[C]). Error bars represent SE.
(D) The disruption of cellulose synthesis by
cesa3je5 mutation, 0.125 mM DCB, or 2 pM
isoxaben treatment restores gravitropic growth
(6 DAG; n = 50).
(E) Gravitropic response of 16 hr gravistimulated
seedlings (7 DAG; n = 50). Error bars represent
SE. See also Figure S3.
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Extracellular Matrix
To test for hypothesized connections between the cell wall and
polar plasma membrane domains, we performed a mannitol-
induced plasmolysis (Figure 4B) or induced partial degrada-
tion of the cell wall with protoplasting solution, either lacking
macerozyme but not cellulase (Figure 4C) or lacking cellulase
but not macerozyme (Figures 4D and 4E). These largely re-
sulted in preservation of the cell wall and thus of a tissue
context, but with a very good separation of the plasma
membrane from the cell wall as a result of plasmolysis.
Following both the mannitol-induced plasmolysis and the
plasmolysis caused by the partial degradation of the cell
wall, the PIN proteins were clearly visible in the plasma
membrane physically separated from the cell wall and showed
a complete loss of their polar distribution at the plasma
membrane (Figures 4B–4E). Notably, a substantial amount of
PIN-GFP signal remained attached to the cell wall originally
adjacent to the polar domain and also stained connections
between the cell wall and the polar domains at the plasma
membrane (Hechtian strands) (Figures 4B–4E). These obser-
vations in root epidermal cells applied for both the apical car-
gos, such as PIN2-GFP (Figures 4B and 4C) and PIN1-GFP-3
(Figure 4E), and basal cargo PIN1-GFP-2 (Figure 4D) when it
was localized at the basal side of the epidermal cells.
It seems that the strong attachment to the cell wall-plasma
membrane interface is specific to polar proteins. Nonpolar
plasma membrane-localized markers such as the aquaporin
GFP-PIP2a or GFP-LTI6b showed very weak or no association
with the cell wall, and most of their signal was localized
symmetrically at the plasma membrane before and after plas-
molysis (Figure 4I; see also Figure S4B).To further investigate the nature of
PIN-GFP labeling at the cell wall
following plasmolysis, we performed
plasmolysis (data not shown) or partial
degradation of the cell wall for 20 min
(Figure 4F) and then cotreated for 5
to 15 min with 0.1% dodecyl b-D-Malto-
side (Figures 4G and 4H), a nonionicdetergent that solubilizes membranes. We observed complete
disappearance of PIN2-GFP signal from the cell wall and from
the connections between the cell wall and the plasmolyzed
cells (Figures 4F–4H), suggesting membrane character of the
connections between the plasma membrane and cell wall.
Overall, these experiments confirmed that association with
the cell wall is required for maintenance of polarity at the
plasma membrane and revealed that both apical and basal
polar plasma membrane domains are connected to the cell
wall.
Cell Wall Connections Limit PIN Lateral Diffusion
Cell-to-cell connections, such as epithelial tight junctions, limit
lateral plasma membrane diffusion in animals and are impor-
tant to maintain cell polarity [28]. Plant cells are able to main-
tain the polar distribution of cargos in a fluid membrane envi-
ronment in the absence of tight junction-like diffusion
barriers. Cellulose-based connections to the cell wall might
be a plant-specific mechanism for limiting lateral diffusion of
polar cargos and maintaining polarity of distribution at the
plasma membrane. We tested this hypothesis by assessing
lateral diffusion of plasma membrane proteins at the polar
domains. We performed fluorescence recovery after photo-
bleaching experiments and measured the rate of PIN2-GFP
diffusion after a very short time frame, when the recovery is
predominantly lateral diffusion based. Only 13.3% of the pre-
bleaching fluorescence signal recovered at 2 min after bleach-
ing, confirming that PIN2-GFP displays lower mobility (Figures
4J and 4K) than nonpolar plasma membrane proteins [29, 30].
Next, we tested whether connections to the cell wall are
required to limit the lateral diffusion of polar cargos. Detach-
ment of the plasma membrane from the cell wall by
Figure 4. Cellulose-Based Connections to the Cell Wall
Maintain PIN Polarity
(A) Apical PIN2-GFP polarity (white arrowheads) is lost
(yellow arrowheads) following cell wall degradation by
protoplasting. Scale bars represent 20 mm.
(B–E) Mannitol-induced plasmolysis (B). Partial degrada-
tion of the cell wall by using protoplasting solution either
lacking macerozyme but not cellulase (C) or lacking
cellulase but not macerozyme (D and E). The plasmolytic
detachment of the plasma membrane from the cell wall
(B–E) reveals that apical (PIN2-GFP and PIN1-GFP-3)
and basal (PIN1-GFP-2) polar domains are attached to
the cell wall at the site of their polar localization. Note
nonpolar PIN-GFP signal at the plasma membrane
(yellow arrowheads), PIN-GFP-stained connections to
the cell wall (Hechtian strands, HS), and strong persis-
tence of PIN-GFP signal at the cell wall-plasma
membrane interface, originally adjacent to the polar
domain (white arrowheads). Scale bars represent 10 mm.
(F–H) PIN2-GFP labeling at the cell wall (white arrow-
heads), plasma membrane (yellow arrowheads), and
Hechtian strands can be observed after 20 min of partial
degradation of the cell wall by a protoplasting solution
lacking cellulase but not macerozyme (F). Following
a 10 min cotreatment with 0.1% dodecyl b-D-Maltoside,
the signal at the cell wall (white arrowheads) and from the
membranous connections disappears completely (G and
H). Note only the presence of PIN2-GFP at the plasma
membrane of some of the plasmolyzed cells (yellow
arrowheads) (G and H). Scale bars represent 10 mm.
(I) Nonpolar integral plasma membrane protein GFP-
PIP2a shows very weak association or no association
with the cell wall (white arrowheads), whereas the signal
at the plasma membrane is very strong and symmetri-
cally distributed (yellow arrowheads). Scale bars repre-
sent 10 mm.
(J and K) Evaluation of the PIN2-GFP plasma membrane
lateral diffusion by fluorescence recovery after photo-
bleaching reveals that PIN2-GFP is a highly immobile
protein; only 13.3% recovers at 2 min after photobleach-
ing. Disruption of the cell wall-plasma membrane
connections by mannitol-induced plasmolysis or by
germinating PIN2::PIN2-GFP on 2 pM isoxaben results
in significant increase in the PIN2 mobile fraction.
*p < 0.05. Error bars represent SE. See also Figure S4.
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342mannitol-induced plasmolysis led to a significant increase in
the PIN2-GFP mobile fraction (up to 35.4%; p < 0.05; Figures
4J and 4K). Similarly, interference with cellulose by isoxaben
treatment significantly increased PIN2 mobility in the plasma
membrane (27.1%; p < 0.05; Figures 4J and 4K). These inde-
pendent disruptions of continuity between plasma membrane
and cell wall illustrate that cellulose-based connections play
a role in the maintenance of PIN polarity, possibly by reducing
the lateral mobility of polar cargos and limiting their escape
from the polar domains.
Conclusions
We have described a link between the extracellular matrix, cell
polarity, and development in plants. By a forward genetic
approach we have identified a previously unsuspected role
of cellulose—a crucial component of the extracellular matrix
of plant cells—in regulation of the polar localization of PIN
transporters for the plant hormone auxin. Both genetic and
pharmacological approaches revealed that the presence of
cellulose in the extracellular matrix is essential to maintainpolar distribution of proteins at the plasma membrane. We
identified cellulose-based mechanical attachments between
the polar domains at the plasma membrane and the extracel-
lular matrix. These connections limit lateral diffusion of polar
cargos in the plasma membrane and thus contribute to their
localization at the polar domains.
This mechanism might be a plant-specific adaptation for
maintaining polarity of the plasma membrane in the absence
of cell-to-cell tight junctions that play this role in animal cells
[11]. In contrast to animal cells that display a cell-to-cell inter-
action, plant cells are walled, and a tight cell wall-plasma
membrane interaction might have more importance for regu-
lating cellular functions than suspected. Indeed, the cell wall
seems to encode crucial information for the cell fate determi-
nation and embryonic axis fixation in brown algae Fucus
[31, 32]. Recently, a connection between cellulose defects
and enhanced PIN1 localization at the plasma membrane
has been suggested in the shoot apical meristem [33]. Further-
more, a mathematical model confirmed that cell wall stress
could have the capacity to regulate both PIN localization and
Cell Wall Regulates PIN Polarity in Plants
343microtubule orientation for generation of plant growth
patterns. Thus, the identified tight link between the cell wall
and cell polarity provides the conceptual possibility for regula-
tion of signal fluxes and, ultimately, plant development via
signaling from the extracellular matrix, for example during
pathogen attack, wounding, osmotic changes, or mechanical
stimulation.
Supplemental Information
Supplemental Information includes four figures and Supplemental
Experimental Procedures and can be found with this article online at
doi:10.1016/j.cub.2011.01.036.
Acknowledgments
We gratefully acknowledge B. Scheres, T. Deprez, H. Ho¨fte, and C.R.
Somerville for sharing published material, N. Irani, S. Robert, A. Bielach,
and Z. Ding for helpful discussions and suggestions, M. De Cock for help
with preparing the manuscript, and K. Spruyt for plant photographs. This
work was supported by the Research Foundation-Flanders (Odysseus grant
to J.F.) and Biotechnology and Biological Sciences Research Council (grant
BB/F014074/1 to A.M. and J.R.). S.V. is a postdoctoral fellow of the
Research Foundation-Flanders.
Received: November 10, 2010
Revised: December 20, 2010
Accepted: January 13, 2011
Published online: February 10, 2011
References
1. St Johnston, D., and Ahringer, J. (2010). Cell polarity in eggs and
epithelia: Parallels and diversity. Cell 141, 757–774.
2. Kuhlemeier, C., and Sinha, N. (2007). Growth and development. The
diversity of plant development. Curr. Opin. Plant Biol. 10, 1–3.
3. Santner, A., and Estelle, M. (2009). Recent advances and emerging
trends in plant hormone signalling. Nature 459, 1071–1078.
4. Grunewald, W., and Friml, J. (2010). The march of the PINs:
Developmental plasticity by dynamic polar targeting in plant cells.
EMBO J. 29, 2700–2714.
5. Carpita, N., and McCann, M. (2000). The cell wall. In Biochemistry and
Molecular Biology of Plants, B.B. Buchanan, W. Gruissem, and R.L.
Jones, eds. (Rockville, MD: American Society of Plant Physiologists),
pp. 52–108.
6. Somerville, C. (2006). Cellulose synthesis in higher plants. Annu. Rev.
Cell Dev. Biol. 22, 53–78.
7. Petra´sek, J., Mravec, J., Bouchard, R., Blakeslee, J.J., Abas, M.,
Seifertova´, D., Wisniewska, J., Tadele, Z., Kubes, M., Covanova´, M.,
et al. (2006). PIN proteins perform a rate-limiting function in cellular
auxin efflux. Science 312, 914–918.
8. Boutte´, Y., Ikeda, Y., and Grebe, M. (2007). Mechanisms of auxin-
dependent cell and tissue polarity. Curr. Opin. Plant Biol. 10, 616–623.
9. Geldner, N. (2009). Cell polarity in plants: A PARspective on PINs. Curr.
Opin. Plant Biol. 12, 42–48.
10. Grebe, M. (2010). Cell polarity: Lateral perspectives. Curr. Biol. 20,
R446–R448.
11. Nelson, K.S., and Beitel, G.J. (2009). Cell junctions: Lessons from
a broken heart. Curr. Biol. 19, R122–R123.
12. Crowell, E.F., Gonneau, M., Vernhettes, S., and Ho¨fte, H. (2010).
Regulation of anisotropic cell expansion in higher plants. C. R. Biol.
333, 320–324.
13. Crowell, E.F., Gonneau, M., Stierhof, Y.-D., Ho¨fte, H., and Vernhettes, S.
(2010). Regulated trafficking of cellulose synthases. Curr. Opin. Plant
Biol. 13, 700–705.
14. Wisniewska, J., Xu, J., Seifertova´, D., Brewer, P.B., Ruzicka, K., Blilou, I.,
Rouquie´, D., Benkova´, E., Scheres, B., and Friml, J. (2006). Polar PIN
localization directs auxin flow in plants. Science 312, 883.
15. Mu¨ller, A., Guan, C., Ga¨lweiler, L., Ta¨nzler, P., Huijser, P., Marchant, A.,
Parry, G., Bennett, M., Wisman, E., and Palme, K. (1998). AtPIN2 defines
a locus of Arabidopsis for root gravitropism control. EMBO J. 17, 6903–
6911.16. Abas, L., Benjamins, R., Malenica, N., Paciorek, T., Wisniewska, J.,
Moulinier-Anzola, J.C., Sieberer, T., Friml, J., and Luschnig, C. (2006).
Intracellular trafficking and proteolysis of the Arabidopsis auxin-efflux
facilitator PIN2 are involved in root gravitropism. Nat. Cell Biol. 8,
249–256.
17. Kleine-Vehn, J., qangowski, q., Wisniewska, J., Dhonukshe, P., Brewer,
P.B., and Friml, J. (2008). Cellular and molecular requirements for polar
PIN targeting and transcytosis in plants. Mol Plant 1, 1056–1066.
18. Bell, C.J., and Maher, E.P. (1990). Mutants of Arabidopsis thaliana with
abnormal gravitropic responses. Mol. Gen. Genet. 220, 289–293.
19. Richmond, T.A., and Somerville, C.R. (2000). The cellulose synthase
superfamily. Plant Physiol. 124, 495–498.
20. Ellis, C., and Turner, J.G. (2001). The Arabidopsis mutant cev1 has
constitutively active jasmonate and ethylene signal pathways and
enhanced resistance to pathogens. Plant Cell 13, 1025–1033.
21. Scheible, W.-R., Eshed, R., Richmond, T., Delmer, D., and Somerville, C.
(2001). Modifications of cellulose synthase confer resistance to isoxa-
ben and thiazolidinone herbicides in Arabidopsis Ixr1 mutants. Proc.
Natl. Acad. Sci. USA 98, 10079–10084.
22. Can˜o-Delgado, A., Penfield, S., Smith, C., Catley, M., and Bevan, M.
(2003). Reduced cellulose synthesis invokes lignification and defense
responses in Arabidopsis thaliana. Plant J. 34, 351–362.
23. Desprez, T., Juraniec, M., Crowell, E.F., Jouy, H., Pochylova, Z., Parcy,
F., Ho¨fte, H., Gonneau, M., and Vernhettes, S. (2007). Organization of
cellulose synthase complexes involved in primary cell wall synthesis
in Arabidopsis thaliana. Proc. Natl. Acad. Sci. USA 104, 15572–15577.
24. Can˜o-Delgado, A.I., Metzlaff, K., and Bevan, M.W. (2000). The eli1muta-
tion reveals a link between cell expansion and secondary cell wall
formation in Arabidopsis thaliana. Development 127, 3395–3405.
25. Ellis, C., Karafyllidis, I., Wasternack, C., and Turner, J.G. (2002). The
Arabidopsis mutant cev1 links cell wall signaling to jasmonate and
ethylene responses. Plant Cell 14, 1557–1566.
26. Bischoff, V., Cookson, S.J., Wu, S., and Scheible, W.-R. (2009).
Thaxtomin A affects CESA-complex density, expression of cell wall
genes, cell wall composition, and causes ectopic lignification in
Arabidopsis thaliana seedlings. J. Exp. Bot. 60, 955–965.
27. Boutte´, Y., Crosnier, M.-T., Carraro, N., Traas, J., and Satiat-
Jeunemaitre, B. (2006). The plasma membrane recycling pathway and
cell polarity in plants: Studies on PIN proteins. J. Cell Sci. 119, 1255–
1265.
28. Shin, K., Fogg, V.C., and Margolis, B. (2006). Tight junctions and cell
polarity. Annu. Rev. Cell Dev. Biol. 22, 207–235.
29. Dhonukshe, P., Tanaka, H., Goh, T., Ebine, K., Ma¨ho¨nen, A.P., Prasad,
K., Blilou, I., Geldner, N., Xu, J., Uemura, T., et al. (2008). Generation
of cell polarity in plants links endocytosis, auxin distribution and cell
fate decisions. Nature 456, 962–966.
30. Men, S., Boutte´, Y., Ikeda, Y., Li, X., Palme, K., Stierhof, Y.-D., Hartmann,
M.-A., Moritz, T., and Grebe, M. (2008). Sterol-dependent endocytosis
mediates post-cytokinetic acquisition of PIN2 auxin efflux carrier
polarity. Nat. Cell Biol. 10, 237–244.
31. Berger, F., Taylor, A., andBrownlee, C. (1994). Cell fate determination by
the cell wall in early fucus development. Science 263, 1421–1423.
32. Kropf, D.L., Kloareg, B., and Quatrano, R.S. (1988). Cell wall is required
for fixation of the embryonic axis in Fucus zygotes. Science 239,
187–190.
33. Heisler, M.G., Hamant, O., Krupinski, P., Uyttewaal, M., Ohno, C.,
Jo¨nsson, H., Traas, J., andMeyerowitz, E.M. (2010). Alignment between
PIN1 polarity and microtubule orientation in the shoot apical meristem
reveals a tight coupling between morphogenesis and auxin transport.
PLoS Biol. 8, e1000516.
